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In the February 1978 issue of Circulation Research, Drs. Glantz and Parmley published a "Brief Review" on factors which affect the diastolic pressure-volume curve. In their discussion of the shift in the left ventricular diastolic pressure-volume curve seen during angina pectoris, they conclude that the influence of ischemia on incomplete relaxation and diastolic tone is unimportant, whereas the influence of the pericardium and right ventricular loading is critical. We feel that the question as to the mechanism of this phenomenon is still unresolved, and we believe that there is a danger in too rapidly transposing the results of acute experiments in animals to human pathophysiology. Specifically, we offer the following comments:
1. Substantial species-determined differences in myocardial relaxation and diastolic tone make it difficult to generalize from experiments performed on only one species. For example, Green and Weisfeldt (1977) reported that, under nearly identical experimental situations, hypoxia produced a substantial rise in resting tension of isolated rat trabeculae carnae (+25% to +90%), whereas an actual decline in resting tension of cat papillary muscle occurred with the same degree and duration of hypoxia. Also, Nayler et al. (1975) reported that considerable species-determined differences exist in the calcium-accumulating activity of myocardial sarcoplasmic reticulum fractions. Similarly, although only minor changes in resting tension are seen with hypoxia in the dog, investigators have described incomplete myocardial relaxation and increased resting tension during hypoxia in the rabbit heart studied at 37°C (Nayler and Williams, 1978) . Whether the human heart is more like that of the rabbit, rat, dog, or cat remains to be determined.
2. In addition to species differences, the temperature at which experiments are conducted also seems critical. In this regard, it should be pointed out that a recent study by Frist et al. (1978) indicated that the effects of hypoxia on myocardial relaxation and diastolic tone may be completely obscured by hypothermic experimental conditions. Studies by them at 29°C failed to show an effect of hypoxia on relaxation of cat papillary muscle, but at 37°C this same preparation exhibited definite impairment of relaxation with hypoxia.
3. Although Glantz and Parmley conclude that the left ventricular diastolic pressure-volume curve is shifted upward during ischemia as a result of "direct mechanical coupling between the two ven-tricles" enhanced by the intact pericardium, we were unable to show any consistent change in right ventricular diastolic pressure during pacing-induced angina at a time when considerable increases were seen in left ventricular diastolic pressure (Mann et al., 1979) . In addition, although Glantz and Parmley quote Flessas and co-workers as having observed an increase in right atrial pressure during exerciseinduced ischemia, we cannot find any support for this statement in reviewing Flessas's manuscript (1976) . In addition, Glantz and Parmley state on page 178 that "during ischemia induced by atrial pacing, filling of both ventricles increases, and increased right side volume and pressure makes leftsided pressure increase more than one would expect from the volume increase alone," but we cannot find any data supporting the contention concerning increased right-sided volume in the references cited. We certainly agree that there is marked interdependence of the ventricles, as was shown by Taylor over 10 years ago (1967), but we do not know of any evidence supporting this mechanism as the cause for the increased diastolic pressure of the left ventricle during angina pectoris.
4. In addition to the importance of species differences (dog vs. human), and temperature differences (normothermia vs. hypothermia), substantial differences in ischemia model (global vs. regional) may account for some of the apparent discrepancies between findings in clinical investigations and animal experiments. For example, Tomoike et al. (1978) have assessed diastolic properties in a regionally ischemic model, and found that "the pressure-segment length curve in an acutely ischemic segment is steeper (increased segment stiffness)" when compared to normal. There are other important differences between the experimental global ischemia model (which is a low flow-low oxygen demand model) and human angina pectoris (which is generally a high oxygen demand-normal or increased coronary blood flow situation) which may be relevant to the observed differences. 5. Although Glantz and Parmley state that even if incomplete relaxation could increase minimum diastolic pressure, its effect will have virtually disappeared by end diastole, recent findings by Weisfeldt et al. (1978) show that under certain experimental conditions (beta-adrenergic blockade, tachycardia) incomplete relaxation may persist until end diastole even in the nonischemic heart.
We do not wish to imply that incomplete relaxation and/or increased diastolic tone are proven to be the mechanisms for increased diastolic pressure relative to volume during angina pectoris in man. However, we do feel that this possibility deserves
Reply to the Above Letter
We appreciate Drs. Grossman and Barry's interest in our Brief Review on the diastolic pressure-volume curve. We agree that as data appear it becomes necessary to reassess presently held concepts. The precise mechanism by which ischemia shifts the left ventricular diastolic pressure-volume curve remains a topic worthy of investigation.
We agree that there are changes in the rate at which heart muscle relaxes during hypoxia and the subsequent period of reoxygenation. These changes are, however, not large enough to explain the upward shifts in the diastolic pressure-volume curve that accompany angina pectoris. Papers published since we wrote the review, including those that Drs. Grossman and Barry cite, support this conclusion. Pacing-induced angina produces an upward shift of the entire diastolic pressure-volume curve, not just the portion in early diastole. Therefore, when assessing whether or not incomplete relaxation can account for the upward shift of the diastolic pressure-volume curve, one must examine whether relaxation slows so much that the pressure developed on the previous systole can be a substantial component of the next beat's end-diastolic pressure. Blaustein et al. (1978) provide the most direct evidence on this issue published since our review. Using dog hearts, they demonstrated that the time constant of isovolumic pressure fall increased slightly during global hypoxia (control: 30 msec; hypoxia: 31 msec). They observed a greater impairment in relaxation during the reoxygenation period (the time constant increased to 40 msec). Despite this 33% decrease in the relaxation rate during reoxygenation, there was never any effect on the following end-diastolic pressure. Weisfeldt et al. (1978) demonstrated that, for incomplete relaxation to affect the end-diastolic pressure of the subsequent beat, the time for minimum dp/dt to enddiastole had to be less than 3.5 time constants. Despite the fact that during reoxygenation the time for minimum dp/dt to end-diastole was shortened from 261 to 211 msec and the time constant for relaxation increased from 30 to 40 msec, end-diastole were still 5.3 time constants after minimum dp/ dt. For incomplete relaxation to have affected enddiastolic pressure, the time constant for relaxation would have to have doubled 60 msec. To our knowledge, no one has reported such large changes in relaxation rates during hypoxia or ischemia in any species.
Results obtained by Blaustein et al. are quantitatively consistent with the study by Frist et al. (1978) of how hypoxia and reoxygenation affect cat papillary muscles at physiological temperatures (38°C). They showed that RT 9S <,i, the time for tension to fall from peak tension to 5% of peak tension, is prolonged by about 16% during hypoxia and 27% during reoxygenation. The changes are not large enough to shift the entire diastolic pressure-volume curve upward.
The work of Grossman and his colleagues (Mann et al., 1979 ) also fails to support the hypothesis that incomplete relaxation is the mechanism for the upward shift in the diastolic pressure-volume curve. They did demonstrate an increase in the time constant of isovolumic relaxation (from 43 to 58 msec) immediately following pacing-induced angina in people with coronary artery disease. As already discussed above, and as Grossman and his colleagues themselves point out, this 35% slowing in relaxation is not enough to shift the entire diastolic pressure-volume curve upward. Wong et al. (1978) subjected isovolumic left ventricles to transient and prolonged ischemia and demonstrated that incomplete relaxation was not a factor in the changes in the diastolic pressure-volume curve they observed. They reached this conclusion by showing that interrupting the pacing did not alter the end-diastolic pressure in the subsequent beat and by showing the changes in minimum dp/dt moved opposite to those that would be required to explain changes in the pressure-volume curve observed during ischemia. Mathey et al. (1974) also measured relaxation rates after prolonged ischemia. They measured the time it took for left ventricular pressure to fall from the value at aortic valve closure to half that value in dogs before and 5 hours after ligating branches of the left anterior descending coronary artery. They found a 29% increase in relaxation time. Tomoike et al. (1978) studied the effects of ischemia on systolic performance in exercising conscious dogs and measured, among other things, left ventricular end-diastolic pressure and the length of segments in the myocardium. They documented an upward shift in the diastolic pressure-volume curve following occlusion of the dogs' left circumflex coronary arteries. Since this paper was not primarily directed at questions relating to diastole, they did not measure right ventricular pressure or isovolumic relaxation rates in the left ventricle. As a result, we do not believe the quote in Grossman and Barry's letter accurately represents the paper. The entire quote from the paper is: "Although segment compliance could not be calculated without data on transmural ventricular pressure and wall thickness, other studies in our laboratory have suggested that the pressure-segment length curve in an acutely ischemic segment is steeper (increased segment stiffness)."
Hence, the studies published since we wrote our review continue to support the conclusion that alterations in relaxation that accompany hypoxia or ischemia have not yet been shown to be large enough to explain the acute reversible shifts in the diastolic pressure-volume curve that accompany angina pectoris.
Grossman and Barry cite data recently published by Grossman and his colleagues (Mann et al., 1979) purporting to show that right ventricular diastolic pressure does not increase, despite an upward shift in the left ventricular pressure-volume curve during pacing-induced angina. They reached this conclusion after applying a two-tailed paired t-test to right ventricular end-diastolic pressures measured before and after inducing angina, and finding the change to be "Not Significant." The t statistic for their data is 2.25; the critical value of t for P < .05 is 2.26. In other words, their data completely justify the following conclusion: "Right ventricular pressure changes following angina (p=.O51)." Moreover, since the real question is not whether or not right ventricular end-diastolic pressure changes but rather whether or not it increases, Mann et al. probably should have analyzed their data with a one-tailed paired t-test instead of the more conservative two-tailed test. This approach yields the conclusion: "Right ventricular pressure increases following angina (p=.O26)." Ludbrook et al. (1977 Ludbrook et al. ( , 1979 completed a clinical study that showed that alterations in right ventricular pressure account for the downward shift of the diastolic pressure-volume curve produced by nitroglycerin. Amyl nitrate, which did not affect right ventricular diastolic pressure, did not change the left ventricular diastolic pressure-volume curve either, despite the fact that both changed preload. They also measured the time constant of isovolumic relaxation and showed no effect of either drug. Shirato et al. (1978) reached similar conclusions in studies using dogs.
Incidentally, Figure 3 of Flessas et al. (1976) shows that right atrial pressure increases during ischemic episodes produced by isometric handgrip.
There is, however, one study (Weisfeldt et al., 1978) , using dogs, that demonstrates that with the combination of high heart rates (170-200 beats/ min) and prolongation of relaxation using propranolol, it is possible to produce sufficient incomplete relaxation to affect the next beat. On the other hand, Karliner et al. (1977) , using conscious dogs but lower heart rates, were unable to demonstrate significant incomplete relaxation. As a result, we believe research workers should continue to compute relaxation rates when analyzing their data since there may be as yet unrecognized flaws in the present studies.
Nevertheless, until such convincing evidence is developed, we must continue to recommend that there is not yet justification for asserting that changes in relaxation play a significant role in mediating shifts in the diastolic pressure-volume curve.
Stanton A. Glantz Factors Which Affect the Diastolic Pressure-Volume Curve
In their article on the diastolic properties of the left ventricle, discuss the problems concerning quantification of stiffness indices and raise interesting questions with regard to the importance of the pericardium. Much of the discussion on stiffness indices has been dealt with by this writer in several articles (Mirsky, 1976; Mirsky, in press) , and the controversial areas have been spelled out in a previous letter (Mirsky, 1977) . As for the role of the pericardium and other external factors, these have been quantified in recent published and unpublished studies (Mirsky, 1977; , and it is concluded that they are unimportant in an assessment of passive elastic stiffness of heart muscle except possibly in volume overload cases. This author would therefore like to clarify some of their remarks and discuss some of his recent studies.
With regard to the early discussion in their article; , the following comments are in order: (1) The model employed is deficient from the mathematical and physiological points of view, and the extensive statistical analyses conducted simply mask these deficiencies. From the raw data of their earlier studies (Glantz and Kernoff, 1975) , this writer finds that (a) there is no problem curve-fitting the pressure-volume (P-V) data to a three-parameter model; however, in only three out of 48 cases was it possible to determine a /?* and x* (authors have been provided with these details). Rather than modify the model to fit the data, Glantz and Kernoff (1975) chose to manipulate the data to obtain ft* and x* with the result that the elastic parameter a could not be determined with any confidence. As a consequence, they were unable to quantify muscle stiffness (the title of their article) and resorted to a determination of a "stiffness constant" which is questionable and by itself has limited utility, (b) Approximately 20% of the muscle strips reported (only nine of 14 dogs were reported in the paper) were in rigor and should have been omitted from the analyses. An extensive literature search reveals that passive elastic stiffness at zero stress in rabbit, cat, and human papillary muscles, and even in human aneurysms, never exceeded 400 g/cm 2 . (c) A significant amount of hysteresis was present in their P-V data, yet the analysis included both loading and unloading states, and this was compared with isolated muscle data analyzed in the loading state only. (2) In earlier studies, Mirsky and Parmley (1974) have shown that stiffness constants k vary from low to high pressure (stress) ranges, but this result has no relevance to the quantification or comparison of stiffness-stress relations in the clinical setting provided the comparison is made over similar stress ranges. In fact, this variation in k from the low to high stress ranges has important physiological implications and describes the mechanical behaviour of the elastin and collagen fibres. Segmenting dog data over two non-overlapping regions of pressure (3-11 mm Hg, 15-32 mm Hg) to determine a relationship between segments is meaningless. On the other hand, an analysis of their data over the entire pressure range employing a biexponential curve fit for the stress-radius relation yields values of stiffness comparable to those obtained from single exponential curve fits of two overlapping segmented regions of the same data. This result thus gives credence to the method of quantifying elastic stiffness in the clinical setting as done by this investigator and others (Peterson et al., 1978) . (3) Present studies relative to the mechanisms involved during pacing-induced angina and ischemia are inconclusive. Pressure-dimension studies based on external measurements alone may be misleading since they do not necessarily reflect the behaviour of the endocardium. Furthermore, there are no satisfactory isolated muscle studies conducted over physiological ranges of stress to support the hypothesis that muscle stiffness is unaltered by hypoxia. (4) An appropriate assessment of diastolic and systolic function cannot be made without an analysis of the mechanical properties of the muscle per se. This is of particular importance in the assessment of myocardial performance of hypertrophied ventricles. (5) The hypothetical discussion of P-V curves in Figure  1 of their article is based on an inappropriate model, and the interpretation of the Laks data is incorrect. In unpublished studies with Dr. Laks, it is shown that the mechanical properties of pressure overload hypertrophied muscle are altered markedly before there is a substantial increase in left ventricular (LV) wall mass. Furthermore, the almost identical Stiffness-stress relations based on P-V relations in dog hearts with and without the pericardium. Data taken from the studies of Spotnitz et al. (1971) .
curves B and E simulating mild hypertrophy and increased global muscle stiffness must be interpreted with caution. The recent studies by Peterson et al. (1978) indicate little difficulty in assessing muscle stiffness in hypertrophied ventricles since this can be done directly employing the Mirsky models. (6) In contrast to the conclusions by , the recent studies by Weisfeldt et al. (1977) demonstrates that incomplete relaxation between beats does occur in the intact beating heart under conditions of sufficiently long relaxation and sufficiently rapid heart rate.
In recent studies to be published in Circulation Research (Mirsky and Rankin, in press, 1979) it has been shown that (a) transmural pressure-radius relations (PT -B) are expressible in terms of muscle elasticity, ventricular geometry, and external pressures, (b) muscle stiffness can be quantitated with reasonable accuracy in the intact heart solely on the basis of LV pressure-volume and wall mass data, and (c) dramatic shifts in the P-V relations following drug interventions take place as a consequence of substantial changes in external pressures [i.e., pericardial, pleural, and right ventricular (RV) pressures].
Employing the concept of an incremental modulus, it is shown that the transmural pressure PT is given in the form
where PLV is the left ventricular pressure, Po is an effective external pressure and is a weighted function of the RV and pericardial or pleural pressures, B is the midwall semi-minor axis of an ellipsoid, /? is a curve-fitting parameter of the circumferential midwall stress-radius relation a = a + fi e^**", G,Gi are LV geometric parameters, and k,c are regression coefficients defined by the stiffness-stress relation E = k a + c. Note that PLV is a complex function of muscle elasticity, LV geometry, and external pressures and differs from the form suggested by Glantz et al. Not only does their expression omit one of the most important terms-namely, the pericardial and pleural pressures, neither of which were measured-but their procedure of opening and closing the pericardium alters its mechanical properties and thus cannot possibly ensure that the initial configuration of the LV was preserved. Again the excessive employment of statistical analyses have the effect of masking these deficiencies. Table 1 displays the mean values of stiffness for each dog heart and for the muscles excised from these same hearts over the physiological range of stress 0-100 g/cm 2 based on the raw data from the studies of Glantz and Kernoff (1975) . It should be emphasized here that (1) only PV data obtained in the loading state were analyzed and (2) isolated muscle strips considered to be in rigor were excluded in the evaluation of mean values of stiffness for dogs no. 4, 6, 7, 8, and 9 . Paired t-test analyses indicate that no significant difference in stiffnesses as evaluated from the heart and muscle strips occur over the following approximate stress ranges: 30 < a < 80 g/cm 2 (sphere, a/b = 1); 20 < a < 100 g/cm 2 (ellipsoid, a/b = 1.5); 20 < a < 60 g/cm 2 (ellipsoid, a/b = 2.0).
The closest agreement occurs with the ellipsoidal geometry a/b = 1.5, which is consistent with the geometry data obtained in dog hearts by Rankin et al. (1977) . These results suggest that shape may not be a dominant factor in the asessment of muscle stiffness, but ellipsoidal geometry is preferred since the calculated wall stresses are theoretically more accurate. Thus the limitation of the Glantz model cannot be ascribed to the spherical geometry assumption but to its inability to quantify muscle stiffness. Figure 1 displays the stiffness-stress relations based on P-V data with and without the pericardium (Spotnitz et al., 1971 ) and demonstrates the relatively minor role of the pericardium in such an assessment.
Applying the P T -B relation (Equation 1) to 594 CIRCULATION RESEARCH VOL. 44, No. 4, APRIL 1979 3  3  3  2   3  3  3  2   3  3  3  3   3  3  3  2   3  3  3  5   3   3  3  3  4   3  3  3  3   3  3  3  2   0   2  3  4 behaviour of elastin and collagen in the normal and pathological states. VOL. 44, No. 4, APRIL 1979 ment on the most important point: changes in the pressure outside the left ventricle (i.e., right ventricular and pericardial pressure) are the most likely mechanism to explain the acute, reversible shifts in the diastolic pressure-volume curve.
In light of the fact that Glantz and Kernoff (1975) validated that the muscle stiffness parameter they computed from pressure-volume curves using isolated muscle specimens taken from the same hearts, we must disagree with Dr. Mirsky's assertion that the model is "deficient from the mathematical and physiological points of view." In addition, Kitabatake and Suga (1978) used perfused papillary muscle preparations to obtain measurements of stiffness parameters that were very similar to those obtained by Glantz and Kernoff from excised hearts.
Glantz and Kernoff did point out that numerical consideration made it difficult to compute one of the parameters reliably, (a) and Dr. Mirsky has suggested ignoring the entire paper. Nevertheless, this parameter contains the same information as the parameter c, the stiffness at zero stress, which Dr. Mirsky commonly uses (Glantz, 1975) . The fact that one often obtains negative values for c (Mirsky and Parmley, 1973 )-an obviously physiologically impossible result since the muscle cannot exhibit negative stiffness at zero stress-is a reflection of the same numerical difficulty which leads to the uncertainties in the estimate of a using the Glantz-Kernoff formulation. Finally, Dr. Mirsky's difficulties in estimating the elasticity parameters probably arose from the fact that he did not deal with the Glantz-Kernoff equation directly, but rather transformed it before doing his curve fitting. This procedure often introduces major numerical difficulties, which is why Glantz and Kernoff worked with the pressure-volume equation directly. This procedure produced estimates that were then successfully validated by direct experimental measurement.
Glantz and Kernoff also analyzed their data to see if there was systematic hysteresis or increase in stiffness (suggesting advancing rigor) and were not able to find any systematic evidence of either effect.
The numerical difficulties with computing stiffness constants of any sort from clinical data have already been discussed at length elsewhere (Glantz, 1976; Glantz, 1977) , and none of the arguments Dr. Mirsky makes in his letter provide any new evidence that the difficulties discussed earlier have been in any way obviated.
We are unable to comment on Dr. Mirsky's unpublished studies with Dr. Laks and invite him to publish them.
We have already discussed the question of incomplete relaxation in our letter replying to Drs. Grossman and Barry.
The remainder of Dr. Mirsky's letter puts forth his analysis demonstrating the importance of pressures acting outside the heart and the relative unimportance of the specific geometry of the heart and small changes in elasticity in the heart muscle as explanations for changes in the diastolic pressure-volume curve. Though he seems to differ with us in some of the details of the analysis, we would again reemphasize that, in terms of the general conclusion, external pressures are the most promising mechanism for explaining acute reversible shifts in the diastolic pressure-volume curve, and we are in complete agreement. 
